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About 70 years ago, Himsworth and Kerr
published evidence based on the results
from modified oral glucose tolerance

tests that the ability of insulin to stimulate glucose
uptake varied from person to person and that there
were at least two forms of diabetes:1 insulin sensi-
tive and insulin insensitive. The notion that resis-
tance to insulin action played a role in human dis-
ease lay dormant for about 35 years. In the late
1960s, unaware of the early pioneering publica-
tions of Himsworth and Kerr, our research group
entertained the possibility that resistance to
insulin -mediated glucose uptake was a reasonably
common event and played an important role in a
number of clinical syndromes. Consequently, we
developed a method to directly quantify the ability
of insulin to stimulate glucose uptake. Using this
experimental approach, we published evidence
that insulin action was markedly reduced in
patients with type 2 diabetes.2

Studies published over the next 10 years (and
most recently summarized in 2005)3 showed that
the overwhelming majority of patients with type
2 diabetes were insulin resistant, that nondiabetic
first-degree relatives of patients with type 2 dia-
betes were insulin resistant and that insulin resis-
tance predicted the development of type 2 dia-
betes. This article looks at the effect of insulin
resistance on several body tissues.
Not only were Himsworth and Kerr correct

about the link between insulin resistance and dia-
betes, it is now apparent that type 2 diabetes is only
one of the many clinical syndromes in which
insulin resistance plays a major role. Some of the
evidence linking insulin resistance to the pathogen-

esis and clinical course of essential hypertension,
coronary artery disease, polycystic ovarian syn-
drome, nonalcoholic liver disease, certain forms of
cancer and obstructive sleep apnea was recently
summarized in a position paper from the American
College of Endocrinology.4 Information continues
to accumulate concerning these and other clinical
syndromes associated with insulin resistance. Less
often appreciated, however, is that differences in
tissue response to ambient insulin concentrations
represent the link between insulin resistance, meta-
bolic abnormalities and clinical syndromes. 
Most of the adverse events attributed to insulin

resistance are secondary to the effects of compen-
satory hyperinsulinemia (an attempt at preventing
the decompensation of glucose homeostasis) on tis-
sues that either retain normal insulin sensitivity or
are hypersensitive to insulin action.
Muscle tissue is the main consumer of glu-

cose. As such, it may not be overstating the case
to claim that the so-called trouble begins there.
Insulin-mediated glucose uptake by muscle can
vary by as much as six-fold in apparently healthy
people.5 The more resistant the muscle tissue is
to insulin, the greater the demand on the pancre-
atic b cells to maintain the degree of compen-
satory hyperinsulinemia required to prevent the
development of type 2 diabetes. Most people
with insulin-resistant muscle tissue do not
acquire type 2 diabetes. Instead, they remain
insulin resistant or hyperinsulinemic with nor-
mal, or near normal, glucose tolerance.3

People with a defect in insulin-mediated glu-
cose uptake in muscle also experience less insulin
inhibition of adipose -tissue lipolysis.6 Although
the dose–response curves of insulin action on
muscle and adipose tissue are quite different, the
degree of insulin resistance in the two types of
tissue is highly correlated. Insulin resistance in
muscle and adipose tissue results in increases in
plasma insulin and free fatty acid concentrations.
These changes act on the liver to increase tri -
glyceride synthesis and secretion, thereby initiat-
ing a series of metabolic events that result in a
highly atherogenic lipoprotein profile: high
triglyceride levels and low levels of high  -density
lipoprotein cholesterol; small, dense, low-density
lipoprotein particles; and accumulation of post-
prandial remnant lipoproteins. These changes are
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• Insulin resistance plays a central role in the pathogenesis of type 2
diabetes and greatly increases the risk of acquiring a number of
metabolic abnormalities and adverse clinical outcomes.

• Insulin resistance may be a complicated situation in which some tissues
are resistant to insulin action while others may retain normal insulin
sensitivity or become hypersensitive to insulin stimulation.

• Insulin resistance in muscle and adipose tissue are highly correlated;
they are unequivocal examples of insulin-resistant tissues.

• Given the adverse effect of obesity and decreased physical activity on
insulin-mediated glucose uptake, the roles of insulin resistance and
compensatory hyperinsulinemia in human disease can only continue to
expand.
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each known to contribute to an increased risk of
coronary artery disease.7

Despite insulin resistance in muscle and adi-
pose tissue, certain tissues, such as the kidneys,
retain normal insulin sensitivity.8 Compensatory
hyperinsulinemia, secondary to insulin resistance
in muscle, acts on the kidney to retain salt and
water. This may explain why insulin resistance
and compensatory hyperinsulinemia predict the
development of essential hypertension. Nor-
motensive first-degree relatives of patients with
essential hypertension and about 50% of patients
with essential hypertension have been found to
have insulin-resistant muscle tissue.9 In addition,
compensatory hyperinsulinemia decreases uric
acid clearance by the kidneys, which leads to
increases in the uric acid concentration of
plasma.8 The sympathetic nervous system also
retains normal insulin sensitivity.10 Compen-
satory hyperinsulinemia increases sympathetic
nervous system activity. That, in conjunction
with sodium retention, contributes to the associa-
tion between insulin resistance and essential
hypertension.9 Finally, chronic elevation of
plasma insulin concentration, either directly or
by interacting with insulin growth  factor-1, may
contribute to the increased prevalence of certain
cancers observed in patients with insulin resis-
tance and hyperinsulinemia.4

Some tissues show hypersensitivity to insulin.
In the ovaries, insulin stimulates testosterone
secretion. Elevated plasma testosterone concen-
trations in most women with polycystic ovarian
syndrome are associated with obesity, resistance
to insulin-mediated glucose uptake by muscle
and compensatory hyperinsulinemia.11

A simple conclusion is that hyperinsulinemia
is responsible for the elevated plasma testos-
terone concentrations seen in polycystic ovarian
syndrome. However, a minority of patients with
polycystic ovarian syndrome have elevated
plasma testosterone concentrations without any
defect in insulin action on muscle and show no
signs of hyperinsulinemia. This apparent para-
dox was addressed in a recent study.11 Insulin-
mediated glucose uptake and plasma insulin and
testosterone concentrations were determined in
weight-matched women with either polycystic
ovarian syndrome or normal ovulation, who
were further categorized into insulin-resistant or
insulin-sensitive subgroups based on a determin -
ation of insulin-mediated glucose uptake by
muscle. Plasma testosterone concentrations were
significantly higher in both groups of women
with polycystic ovarian syndrome, but highest in
the insulin-resistant subgroup. Although the sub-
group of insulin-resistant women with normal
ovulation was more insulin resistant and hyper-

insulinemic than the subgroup of insulin -
sensitive women with polycystic ovarian syn-
drome, the testosterone concentrations of its
members were significantly lower. The testos-
terone levels were even lower in the insulin -
sensitive women with normal ovulation. These
data show that plasma insulin concentrations that
are not high enough to increase plasma testos-
terone concentrations to pathological levels in
women who ovulate normally will do so in
women with polycystic ovarian syndrome; also,
as insulin levels increase, so too does the degree
of hyperandrogenism. These results suggest that
women with polycystic ovarian syndrome have
ovaries that are hypersensitive to insulin stimula-
tion of testosterone production.
In conclusion, insulin plays a major regulatory

role in multiple tissues. Various tissues within the
same person can be resistant, sensitive or hyper-
sensitive to insulin action. The interplay between
the responses to insulin and ambient insulin con-
centrations contributes to the pathogenesis and
clinical course of an increasing number of impor-
tant syndromes. Given the adverse effect of obes -
ity and decreased physical activity on insulin-
 mediated glucose uptake,12 the roles of insulin
resistance and compensatory hyperinsulinemia in
human disease can only continue to expand.
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